We investigated the radio propagation characteristics for line-of-sight (LOS) inter-vehicle communication (IVC) at 60 GHz on an actual road with an undulating surface. Radio propagation tests between two moving vehicles were carried out on a test course. From this, it was found that the measured received power on the actual road and the results calculated for a flat road approximately follow logarithmic normal distributions. To investigate this phenomenon in detail, a propagation test between two stationary vehicles on a road was performed. Furthermore, calculations using geometrical optics taking road undulation into consideration demonstrated that undulation in the road can cause variations in the received power that follow a logarithmic normal distribution. Finally, the received power for moving vehicles on an undulating road was calculated using the model.
Introduction
The concept of inter-vehicle communication (IVC) has recently received considerable attention, since IVC can be used to realize auto-cruising technologies and systems to support safer driving [1] - [3] . Furthermore, the use of IVC in the millimeter-wave frequency band permits the use of interactive wireless communication to realize high data transmission rates, and thus provide multimedia communication between vehicles in motion. In recent years extensive studies of IVC systems in the millimeter wave band have been carried out [4] - [10] .
Since, in normal situations, vehicles typically communicate with the vehicle in front and that to the rear, the radio propagation is considered to take place under line-of-sight (LOS) conditions, as shown in Fig. 1 . Hence, as in the case of the point-to-point communication systems used in conventional millimeter-wave radio terrestrial networks [11] , a two-ray model comprising both direct and road-reflected waves enables us to predict the received power in the LOS case for IVC [7] .
Actual roads would have more or less undulating surfaces [8] . Therefore, the received power might easily be altered by the height and curvature of the reflection point on the undulating road, because the wavelength, λ, at 60 GHz Manuscript received February 1, 2007 . Manuscript revised April 12, 2007 . † The authors are with Network Development Center, Matsushita Electric Industrial Co., Ltd., Kadoma-shi, 571-8501 Japan.
† † The author is with Chuo University, Tokyo, 112-8551 Japan. a) E-mail: yamamoto.on@jp.panasonic.com DOI: 10.1093/ietele/e90-c.9.1807 is only 5 mm. Moreover, vibration of the communicating vehicles could also have a significant impact on the received signal. Therefore, research has been done on the LOS propagation characteristics taking into consideration undulation of the road [4] - [7] . In one study [4] , the vehicle suspension, consisting of a shock absorber and a spring, was taken into account in order to investigate the fluctuation of the received signal when the vehicles are in motion. In another [5] , in which the phase of the reflection coefficient was assumed to have a random value that simulated the phase variation of the road-reflected wave caused by movement of the vehicles, a stochastic model was proposed, in which a Gaussian process was assumed for the antenna height fluctuations [6] . However, it seems that in previous work no investigation has been performed to examine the propagation mechanism on actual roads. As an example of examinations carried out on actual roads, the effect of a concavo-convex road surface can be analyzed using geometrical optics (GO). In Refs. [8] and [9] , investigations were performed on rolling roads with a single convex or concave surface, having radii of curvature of 30 m and −130 m, respectively. However, the analyses were confined to large undulations, which can lead to non-LOS situations. In other words, there have been few studies investigating the received signal on rather flat ordinary roads where small convexities and concavities occur alternately.
The purpose of this paper is to predict the propagation characteristics on an actual road with small undulations, based on experimental investigations of the LOS case for IVC in the 60 GHz band. In this paper, GO was used to calculate the road-reflected wave, taking the undulation of the road into consideration. In Sect. 2, formulation of the two-ray model for IVC is discussed. Propagation measurements between vehicles in motion were conducted to examine the variation in the received power resulting from an actual road, and this is presented in Sect. 3. In Sect. 4, we present a precise examination of the propagation charCopyright c 2007 The Institute of Electronics, Information and Communication Engineers acteristics by conducting propagation experiments between two vehicles in communication at stationary positions on the road. In Sect. 5, a two-ray model using GO applied to the road-reflected wave is presented. From this, we evaluated the received power on the road used for the tests. Finally, based on the agreement of these, we used the model to estimate the effect of an undulating road on the received power between moving vehicles.
The time harmonic factor e jωt is assumed and suppressed throughout the text.
Two-Ray Model
In the LOS case of IVC, the two-ray model [7] consists of direct and road-reflected waves, as shown in Figs. 1 and 2 . According to Friis transmission formula [12] , the received signal strength E at the receiving antenna, due to the contribution from the direct ray, may be obtained as
where G t and G r are the gains of the transmitting and receiving antennas in the propagation direction, and P t and P r are the transmitted and received powers, respectively. R is the path length of the ray, and φ is the phase delay defined by the propagation constant, β, and R. L is the propagation loss in free space, represented by the following equation:
Atmospheric attenuation, K, of 15 dB/km in the 60 GHz band [10] is also considered by the following expression:
In this equation, R is in units of meters. Then, the total received wave, E t , of the two-ray model can be expressed as a summation of the direct wave, E d , and the road-reflected wave, E r , and written as: 
where D, h t and h r are defined in Fig. 2 . h t and h r are the heights of the transmitting and receiving antennas from the ground and D is the distance between the antennas.
Received Power between Moving Vehicles
As can be seen from Eq. (4), the received signal for IVC in the LOS case is obtained from the two-ray interference between the direct and road-reflected waves. A verticallypolarized wave reflected from a road paved with asphalt is smaller than a horizontally-polarized wave because of its small reflection coefficient [13] , [14] . Thus, the use of vertically-polarized waves has advantages for IVC in terms of the stability of the received power, in comparison with that of horizontally-polarized waves. Hence, in this paper, the propagation characteristics of vertically-polarized waves are discussed. Figure 3 shows the communicating vehicles. The transmitter [10] was mounted on the back of the leading vehicle. In order to obtain the received power at different heights simultaneously, two receivers [10] were mounted on the front of the following vehicle. The value of h t was set at 0.49 m and the values of h r for the two antennas were set at 0.43 m and 0.89 m. The noise power level of the receiver was less than −90 dBm. A vertically polarized wave at 59.1 GHz was transmitted and its transmitted power with the loss due to the antenna cover was 7.7 dBm. Standard pyramidal horn antennas with a peak gain of 23.1 dBi were used for both the receiving and transmitting antennas. The horn antennas had half-power beamwidths of 12 degrees in the vertical plane and 10 degrees in the horizontal plane.
Experimental Setup

Outdoor Experiment Using Vehicles in Communication
The propagation tests were carried out at the test course of the National Institute of Advanced Industrial Science and Technology in Ibaraki Prefecture, Japan. Because there were no vehicles on the course, other than the vehicles being tested, and no buildings near the course, there were few reflections from surrounding objects. A plan view of the test course is shown in Fig. 4 . The received power measured along the 750 m straight part of the course was evaluated. Figure 5 shows the received power for a value of D of 40 m in the LOS case when the vehicles were moving at 40 km/hour. In the figures, the horizontal axis indicates the distance of travel D t of the transmitting antenna T x shown in Fig. 7(a) . The results predicted by the two-ray model [7] are shown by the solid black lines in Fig. 5 , where the surface of the road is assumed to be flat. The reflected wave from the road surface is calculated by using a reflection coefficient with the complex refractive index of asphalt at 60 GHz (n = 2 − j0.05) [13] , [14] . We used laser distance measuring equipment mounted on the vehicles to determine the distance between them for use in the calculation. In the experiment, the distance D was varied from 37 m to 43 m. In the calculation, we used the measured value of D and the constant values of h t and h r . As can be seen from Fig. 5 , both the measured and calculated received powers were reduced in a leisurely manner. This is attributed to the phase variation in the two-ray interference caused by the variation in the distance D. It is observed from Fig. 5 that the values calculated by the two-ray model coincide approximately with the experimental data. However, it can be seen that there are some large differences between the measured and calculated data. We define ∆P m in dB as the difference between the measured data on the actual road and the results calculated on the flat road. Figure 6 shows cumulative distributions of ∆P m and best-fitted logarithmic normal distributions with standard deviations of σ m = 5.2 dB and 2.6 dB when h r = 0.43 m and 0.89 m, respectively. In Fig. 6 , m m is the mean value of a logarithmic normal distribution of ∆P m . As shown in Fig. 6 , the received power in dB between the moving vehicles exhibits fluctuations following a logarithmic normal distribution.
Propagation Experiment at Stationary Positions
In this section, we examine, in detail, the propagation characteristics on an actual road with an undulating surface. In the moving test, the reflection point D r shifts on the undulating road as the antennas of the transmitter (T x ) and the receiver (R x ) move, as shown in Fig. 7(a) . It is also noted that the relative heights of the antennas vary with the undulating road. Thus, in order to remove these complexities, we attempted to conduct propagation tests between stationary vehicles, as shown in Fig. 7(b) . In the tests between stationary vehicles, the value of h r can be varied. It is found from Fig. 7(b) that D r approaches T x in proportion to h r . In this way, the shift of the reflection point, which would occur in a moving test, is achieved by varying h r in the test between stationary vehicles. Figure 8 is a photograph of the experimental site where the two vehicles are parked on a rather flat road paved with asphalt. A receiver was set on an elevation tower in front of the receiving vehicle. The elevation tower was used to move the receiver in the vertical direction. The received power could be sampled in h r increments of 0. transmitting and receiving antennas was set at 40 m.
The thin line in Fig. 9 indicates the measured received power as a function of h r . It can be seen from Fig. 9 that the measured received power has regular periodic oscillations. This indicates that the propagation characteristics in the LOS case are obtained as a result of interference between the direct wave and the wave reflected from the surface of the road, and that there are few reflections from surrounding objects along the roads tested.
The results calculated using the two-ray model on a flat surface when the road undulation is not considered are also plotted in Fig. 9 . As can be seen from Fig. 9 , there are discrepancies in the locations and values of local maxima and minima, between the measured and calculated data. The envelopes of the measured received power are also plotted by the broken lines in Fig. 9 . The measured data show maximum oscillation around h r = 1.1 m. The value of h r at which a local minimum occurs depends on the difference between the phases of the two waves, and the fluctuation band is determined by the amplitude difference between the two waves. A possible cause of these discrepancies lies in the undulating surface of the road. This indicates that an accurate calculation for the road-reflected wave may be necessary to predict the received power for IVC on an actual road. Hence, the undulation of the road used at the measurement site was examined. Figure 10 shows the measured undulation height h d . It was found that h d varied from −5 mm to +9 mm over a distance of 40 m. This shows that the variation in h d is extended over 3 wavelengths. In Fig. 10 , also plotted in a bold black line, is the least mean square error curve, fitted by a 17-th order polynomial approximation. This curve is used later in our calculation for h d of the road. Figure 11 shows cumulative distributions of the measured undulation of the road. In Fig. 11 , σ h and m h are the standard deviation and mean value of a Gaussian distribution of h d . The measured distribution (bold line) is found to follow a Gaussian distribution (thin line). These measured results substantiate the assumptions made in the models of [4] , [6] .
Calculation Using Geometrical Optics
Model Considering Undulations in the Road
In this section, we estimate the road-reflected signal on an undulating road using geometrical optics (GO) [12] . In GO, the reflected field E is given by:
In Eq. (9), E 0 and φ 0 are the amplitude and phase of the incident field at a curved surface. ρ 1 and ρ 2 are the principal radii of curvature in the elevation and azimuth planes. R is the path length between the reflection point and the observation point. In our study, the analysis can be performed by approximating the road undulation as a series of cylindrical surfaces [9] . Figure 12 depicts the road-reflected path on an undulating road. For the reflection shown in Fig. 12 , the undulation height h d and the slope ϕ are positive in this instance. In this case, the road-reflected path is defined not only by h t , h r and D but also by the height h d at the reflection point D r on the undulating road. h r is expressed by the following equations:
ϕ is determined by the angle between the tangent plane of the cylinder and the horizontal plane. Using h r , the path length, R, and φ 0 in Eq. (9) are given by:
Moreover, we continuously compute the principal radii of curvature along the surface of the road, which are given using the cylindrical approximation by:
The grazing angle of incidence to the road surface, which is necessary to calculate the reflection coefficient Γ , is now modified from θ to θ − ϕ, as shown in Fig. 12 . Thus, the road-reflected wave E r on the undulating road is modified to:
where L r and K r are obtained by substituting R 0 + R in Eqs. (2) and (3). Figure 13 shows the received power calculated using the two-ray model considering the road undulations shown in Fig. 10 . As shown in Fig. 13 , the calculated result shows good agreement with the measured result, especially with regard to the variations in the envelopes. The matching of the measured and predicted values justifies the proposed model. From this, we reached the conclusion that the calculation using GO can be utilized for estimating the received power on an undulating road.
Calculated Results between Stationary Vehicles
Estimation of the Received Power between Moving Vehicles
The model used for calculation when the antennas are moving on an undulating road is illustrated in Fig. 7(a) . In the model, the antennas move with the distance between them Fig. 10 was repetitiously used each time. In the calculation, the location of the transmitting antenna T x on the undulating surface was changed in such a way that the reflection point D r moved throughout the region shown in Fig. 10 . This means that the reflection point traveled from D r of 40 m to 0 in Fig. 10 . Figure 14 shows the calculated results of the received power when the antennas are moving on flat and undulating roads. In the figures, the horizontal axis indicates the distance of travel D t of the transmitting antenna T x . It is found from Fig. 14 that there are large variations in the received power on the undulating road whilst the received power on the flat surface has a constant value. Especially in Fig. 14(a) , the sharp increase in the received power is observed at D t of 33.6 m. The variations in the received power are attributed to those in the phase and amplitude differences between the direct and road-reflected waves. With regard to the undulating surface, the phase shift of the roadreflected wave is caused by the undulation height h d and slope ϕ of the road surface, and the amplitude is changed by the curvature of the road.
Comparing Fig. 13 with Fig. 14 , the received power on the flat surface shown in Fig. 14(a) is in close proximity to the level that is obtained at the location where the local minima of the oscillation occur as shown in Fig. 13 . This indicates that small changes in the phase shift of the roadreflected wave can produce a significant enhancement in the received power. Furthermore, it is found from Fig. 10 that the undulation has a concave surface around D r of 7 m, which coincides with the reflection point where D t is 33.6 m. In this case, the amplitude of the road-reflected wave could be concentrated by a concave lens effect [9] . Consequently, the peak of the received power observed in Fig. 14(a) can be understood from the fact that there may be the superposition of the two factors mentioned above, resulting in the sharp , it can be seen that the ∆P c s approximate to logarithmic normal distributions. From this fact, we conclude that large variations in the received power in IVC on an undulating road might occur and that this follows a logarithmic normal distribution. Moreover, the standard deviation from the estimated data with h r = 0.43 m is larger than that with h r = 0.89 m, as is the case for the measurements in Fig. 6 . From this, we can conclude that the received power in the LOS case for IVC is obtained as a superposition of fluctuations following a logarithmic normal distribution caused by the undulating road on values defined by the two-ray model on a flat road and that the fluctuations in the received power can be attributed to undulations of the road approximated by a Gaussian distribution.
Finally, we investigated the effect of road undulation on the received power. Thus, we calculated the standard deviation (σ c ) of a logarithmic normal distribution of the difference between the received powers on the undulating and flat roads when the standard deviation (σ h ) of the undulation of the road was varied. We varied the value of σ h by multiplying the undulations in Fig. 6 by a proportional constant. Figure 16 shows σ c as a function of σ h when D is 40 m and h t is 0.49 m. It is observed from Fig. 16 that for σ h of not more than 5 mm, the σ c s increase with increasing σ h . However, σ c for h r = 0.43 m increases as σ h rises up to 5 mm, above which it decreases. In the same way, σ c for h r = 0.89 m shows a maximum when σ h is 9 mm. This fact indicates that the standard deviations σ c s cannot increase proportionally with an increase in σ h , and have peak values of only 3.6 dB when h r = 0.43 m and 4.4 dB when h r = 0.89 m. 
Conclusions
LOS propagation measurements for IVC in the 60 GHz band were done on an actual road. In order to consider undulations in the road surface, a two-ray model using geometrical optics was applied to estimate the LOS propagation between two vehicles in communication, firstly at stationary positions. From comparisons with the measured data, the model was found to be effective in precisely estimating the received power on actual roads. Then the model was also utilized for estimating the propagation characteristics for IVC in practical moving conditions. It is concluded from the measurements and calculations that the received power in the LOS case can be obtained by superimposing the fluctuations, which follow a logarithmic normal distribution, due to the undulation in the road on the values defined by the two-ray model on a flat surface.
For practical IVC situations, it is also important to consider the non-LOS case, when vehicles in LOS communication are intercepted by other vehicles. In this case, one may need to consider the shadowing effect by diffracted waves. Such non-LOS cases are currently under study and will be reported in a separate paper. Dr. Shirai is a Senior Member of the IEEE, and a member of the Sigma Xi, the IEE of Japan, the Acoustical Society of Japan (ASJ), and the Acoustical Society of America (ASA).
